In response to the increasing concerns and challenges for most frequently left-turn crashes at intersections, partial proportional odds models, for which some of the beta coefficients vary across variables, are proposed to examine and understand the influence of contributory factors (i.e. human attributes, traffic flow features, roadway geometrics, and environmental factors, etc.) on injury severity involved in left-turn crashes, using the selected 317 crash data over latest 6 years from Xian city. The results show that partial proportional odds model has better performance than general ordered logit or probit probability approach. Specifically, the aged and younger drivers are more prone to cause left-turn crashes, and the increasing effect of trucks involvement, impact points of both vehicles, environmental factors, safety belt usage, alcohol and/or drugs are also significantly associated with higher injury severities, which was underestimated or underreported in previous researches.
Introduction
As the most dangerous locations of a roadway network, intersections have a poor safety performance compared with other road location groups [1] . According to the Harbin Traffic Police annual statistics report for 2008, motorcycle crashes constitute about 68.3% of fatal and about 56.9% of injury records at intersections controlled by traffic signals [2] and these observations are even more alarming in some hilly cities, such as Qingdao, Dalian, etc. Obviously, intersections are prone to be involved in traffic crashes due to the substantial causal factors, such as vehicular characteristics, driver attributes, pedestrian conflicts, roadway geometry features, environmental factors, etc [3, 4] . How these different factors affect the occurrence of crashes and severities, however, are still not clear, particular left-turn crashes.
There have been considerable research reports on the crash injury severity in the last two decades. A number of researchers have attempted to specify multinomial logit models into quantifying the effects of multiple alternatives (e.g. roadway, traffic, environmental, human and vehicular factors) on intersection related injury severity [5] [6] [7] . Chimba and Sando (2011) considered number of lanes, alcohol and drug use, high posted speed limit, curved areas, turning movements, ramps, and driving with no adequate daylight in their multinomial logit and multinomial probit analysis of independent variable effect on each injury severity [8] . Geedipally et al (2010) applied multinomial logit model to predict the proportion of crashes by collision type and to estimate crash counts by collision type and found it produced the best fit even for small sample size [9] .
However, ordered nature of severity is inconsistent with the general logit model's assumption that alternatives or variables have independent errors. Hence, nested logit, mixed logit, or probit models can be applied to indentify the severity in terms of levels or grades from a modeling perspective. Young and Liesman (2007) applied the binary logit model to examine whether there was significant correlation between weather station wind data and the likelihood of freight vehicle involved overturning crashes [10] . Tay and Rifaat (2007) applied the ordinal probit model to determine the determinants (i. e., vehicle type, road type, collision type, driver's characteristics and time of day, etc) of the severity of intersection crashes using 1992-2002 crash data in Singapore [11] .Unfortunately, the assumption of the same coefficients of ordered probability models for different severity levels except for cut-off points is too arbitrary, and determining more parameters than necessary also causes some variables insignificant [12] . Wang and Abdel-Aty (2008) examined the left-turn crash injury severity using partial proportional odds models and reached a consistently better performance than ordered probability models with either logit or probit function [13] , where parallel-lines constraint is violated only by one or a few of the included explanatory variables.
In summary, there have been numerous studies investigating crash injury severity. Unfortunately, only limited studies focused on left-turn crash injury severity at intersections specifically, and in previous studies, crash injury features are unable to be associated with contributory factors (i.e., turning movements, signal phase, traffic flow, roadway geometrics, environmental attributes, etc) that depend on sufficient crash data. However, it is difficult to collect crash data or even not available for most intersections. In this study, left-turn crash injury severity is estimated using partial proportional odds models, compared with ordered logit and probit models. Upon the urgent demand, the primary purpose of this research is to specify the effect of specific attributes on crash severity features using the surveyed 2005-2010 intersection crash data in Xi'an city, which enables researchers, engineers and decision-makers to identify and rank intersections for safety performance improvement needs.
Data Collection
The data is sourced from the Traffic Safety Statistics and Analysis Database developed by Xi'an General Department of Transportation, which consists of data compiled from a sample of police-reported crashes that involve at least one motor vehicle traveling on a traffic road / street and resulting in property damage, injury, or death. A number of crash-related information on crash records, characteristics of the individuals involved, locations of crash, intersection geometric features and traffic control from 2005 to 2010 were obtained for 163 four-legged signalized intersections in Xi'an city. Details include the date of the occurrence, time of day, environment factors, involver age and gender, vehicle characteristics, entering traffic flow, roadway design attributes, and severity level in most observed crashes. According to the direction of vehicle movement including straight ahead, making right-turn and making left-turn, left-turn crashes could be considered as the crashes involved the making left turn vehicles.
Of the 1368 collisions at the selected intersections, 391 were left-turn collisions that account for 28.58% of all observed collisions at the selected locations. The injury severity of each individual involved in the crash record is collected on a five point ordinal scale in increasing of severity: 1 = no injury, 2 = possible injury, 3 = non-incapacitating injury, 4 = incapacitating injury, and 5 = fatal injury [14] . Of the total 391 left turn crashes, 1.17% crashes are classified as fatal crashes, 52.63% are classified as injury crashes that at least one person was injured and the rest of them are property damage over CNY 5000 or no injury crashes.
Two approaches were used to select approximate variables for the severity estimation model. The first was to reference previous studies and find these similar reported variables [15, 16] . The second was to focus on local requirement and determine the specific variables that might have significant influence on injury crashes. It should be noted that some important variables such as AADT, intersection width, median exists were not chosen here because of the missing of necessary message in original crash reports. Therefore, 317 observations were finally explored to develop models retaining 9 variables in categories and the further descriptive lists of the corresponding variables were in Table 1, including type of vehicle, fault, crash geometry, safety belt equipment, light condition, age, weather, etc.
Model Specification
This study aims to evaluate the associations between driver injury severity and possible contributory factors. Since the severity of a crash is recorded in simple ordinal patterns such as fatal, injury and non-injury crashes, thus the ordered probit or logit model could be used to measure the crash involved severity because these approaches yield efficient and consistent estimates [17] .
If the crash severity could be considered as an ordinal variable having m categories, Let j ( j = 1, 2, . . . , m-1) be an index to describe a severity level. The index jfor severity level, for example, may take values of "no injury" ( j= 1), "possible injury" ( j= 2), "non-incapacitating injury" ( j= 3), "incapacitating injury" ( j= 4), and "fatal injury" ( j= 5). Therefore, the probability of crash i having a severity level j will be specified through an ordered logit model (OLM) [18] as:
where X i is a k × 1 vector of observed explanatory variables of crash i, β is a k × 1 vector of under-determined regression parameters. The model parameter β and cut-point (τ j ) of crash i are estimated by maximum likelihood method [19] . It should be noted that the errors of Eq. (1) is assumed to be homoskedastic. However, such an assumption is violated, then the estimated parameters yield the inconsistency due to the aggregation bias assumption [20] . To overcome the shortcoming of unequal error variances, the heterogeneous choice model (HCM) is proposed [21] as:
Per. Pol. Civil Eng. Generally, the OLM regression approach follows the proportional odds / parallel lines assumption and the estimated parameters remain the same for different severity levels. However, this parallel-lines assumption could be violated in many cases. We therefore employ a generalized ordered logit model (GOLM), which would not impose the constraint of parallel regression assumption and allow the effect of the explanatory variables to differ for each category of dependent alternatives [22] , which could be specified as:
Different from the parameter β in OLM, vectorβ could differ across equations in GOLM. Considering the homoscedasticity assumption might be violated only by one or a few variables, a gamma parameterization of partial proportional odds model with logit function could be proposed [23] as:
where the parameter β related to variables X 1 j would be the same across all equations with respective to different severity level j and the parameter β j associated with other variables X 2 j would vary across some severity level j. In the model, each explanatory variable has one β coefficient, k − 2 β j coefficients, where k is 9 as the number of alternatives. There are k − 1 τ coefficients reflecting cut-off points.
Estimation Results and Analysis
This study analyzed police-reported intersection crashes from the city of Xi'an, China, from 2005 to 2010, involving only left turning observations. This yields a total of 317 samples. OLM, HCM, GOLM approaches and partial proportional odds model with logit function for both unsignalized intersections and signalized intersections were developed for comparison in case of the quantitative estimation of total left-turn crash injury severity using the proposed nine variables reported in Table 3 , which includes some goodness-of-it statistics as well, such as loglikelihood at zero, log-likelihood at convergence, and Akaike information criterion "AIC".
GOLM approach has better performance than the ordered logit model and probit one due to the largest Pseudo R 2 (0.0285) and the smallest AIC (1063.67). Parallel-lines assumption for each variable was tested through Wald tests to check whether its coefficients differ across injury levels. The variables, safety belt / alcohol involved and environmental influence, are identified to be against the parallel-lines assumption ( p-value < 0.01). The p-values of the Wald test derived from other variables satisfy the parallel-lines assumption for the final model [13] . Traffic flow related variables (i. g., traffic volume, traffic composition, driving behavior, vehicle features, etc.) are identified to be among the most significant factors for left turning crash occurrence. In this study, the effects of different forms of traffic flow on crash injury severity are checked including driver features of left-turning vehicle, driver features of entering vehicle, vehicle characteristics, impact point of left-turning vehicle, impact point of entering vehicle. The results show that very young drivers tend to be involved in more severe crash (Coef. < 0.05; p-value < 0.01), specifically during the rush hour and under the foggy / rainy driving environment. From the total crash data, more than 60 percent are left-turning vehicles at-fault, such as unsafe turning, primarily turning with insufficient headway. On the other hand, more opposing through traffic also causes less time and space for left-turn vehicles due to shorter gaps and therefore cause crashes between two vehicles.
Among the roadway features, average daily percent of trucks is identified to be significant (Coef. < 0.04; p-value < 0.04). Too more trucks will bring poor visibility and decreased capacity of overall intersection and positive restriction of trucks would be better able to provide driving visibility for both drivers and then mitigate the occurrence of left turning crashes as well as lower crash severity. Driver's age also has significant effect on crash injury severity. Compared to middle aged drivers, older than 65 people and young people of age group 18-24 are both more likely to be involved in left-turn crashes due to weak physical conditions and poor driving experiences and very young people are more prone to be get severe injuries and fatalities, which is consistent with previous studies [12, 13] .
Of the crash related variables, the points of impact of both left turning vehicles and entering vehicles affect crash severity significantly. Coefficients of the factors back right, back, back left, front left are all negative, which indicate that the front of both involved vehicles is the most dangerous impact point, due to the greater colliding forces translated from excessive speed [13] . The difference of variable speeds of both vehicles was marginally significant to affect crash injury and seat-belt use would relieve automatically shock in collision and reduce crash severity to a greater extent (Coef. < −0.1; p-value < 0.03).
Conclusions
A large number of previous studies have applied orderedresponse logit / probit models to examine injury severity in relation to human factors, vehicle attributes, and roadway geometrics and environmental effects. These approaches have implicitly assumed the model's independent errors for alternatives that are actually inconsistent with the fact that crash injuries are ordered. The parallel-lines or proportional odds assumption is generally too restricting as well and it may be violated only by one or a few of input variables.
Different from other crash patterns, left-turn crash has its own conflicting features and possibly other specific related factors. This study attempts to estimate the effects of the parameters or Per. Pol. Civil Eng. variables on crash severity, and also compares parametric insights on key roadway geometrics, vehicle, environmental and driver related factors through the application of OLM, HCM, GOLM and partial proportional odds model with logit function approaches when accounting for injury study, aiming at providing reasonable basis to potentially reduce left turning injury severity through advancing the state-of-the-art of injury mitigation strategy, facility manufacturing and policy-making. Left-turn crashes are located to the crash sites where they occur, which enable to specify the effect of contributory factors on injury severity. The partial proportional odds model has better performance for left-turn crashes, compared with ordered logit or probit model. By using three proposed statistical models, the interpretation of 9 group variables yields greater insight concerning contributing effects of included variables on injury severity. For example, it reveals the aged or younger drivers are more likely to cause left-turn crashes and percentage of trucks involvement also affects the crash occurrence frequency strongly and significantly and increases the injury severity as well. Meanwhile, the points of impact of both vehicles, environmental conditions, safety belt usage, alcohol and/or drugs are found to be strongly associated with higher severities, and all these risk factors should be considered strategically in any future traffic management.
Tab. 2.
This study is the first step in the statistical estimation of the size of variables affecting injury severity in left-turn crashes. Similar to most previous studies, this approach also has some limitations, such as the fact that small sample data from a single Xi'an city database in Western China, the fact that limited available types of traffic flow related variables from the database, and the fact that traditional statistical models are compared. Future studies with multiple data from different databases and more comprehensive analysis models and methods are strongly encouraged and conducted to confirm the efficiency of the estimator for large-scale analysis for left-turn crashes.
